Abstract: Transglutaminases (TGases) catalyze the cross-linking between protein molecules by formation of an amide bond between γ-carboxyamide group of glutamine and the ε-amine group of lysine under deamination of glutamine. We have demonstrated the participation of transglutaminase-like activity in the isolated cell walls and in the process of cell wall regeneration in protoplasts of the yeast Saccharomyces cerevisiae. A radioactive TGase substrate [
Introduction
Cell wall of Saccharomyces cerevisiae consists mainly of polysaccharides (glucan and chitin) and glycosylated proteins. The discovery of GPI (glycosylphosphatidyl inositol-linked) (Klis et al. 2006) and PIR (proteins with internal repeats) proteins (Mrša et al. 1997) opened new questions concerning the nature of linkages between the individual polymers and their importance for the cell wall stability and function. Covalent linkages among the wall components forming supramolecular mannoprotein-glucan-chitin complexes as the wall building blocks have been described in yeast (Kollár et al. 1997) .
Transglutaminases (TGases; EC 2.3.2.13) are a large family of extracellular and intracellular enzymes that catalyze Ca 2+ -dependent post-translational modification of proteins. They catalyze covalent crosslinking between protein molecules by forming an amide bond between the γ-carboxyamide group of appropriate peptide-bound glutamine moieties and ε-amino group of specific peptide-bound lysine residues, incorporation of biogenic amines into proteins and esterification reactions (Folk 1980; Mishra et al. 2006) . TGases with different physiological roles have been described in mammals, plants and other organisms (Ichinose et al. 1990; Serafini-Fracassini et al. 1995; Chandrashekar & Mehta 2000) ; often related to the formation of resistant structures having protective functions. It is becoming apparent that also some mammalian TGases, normally expressed at low levels in different types of tissues, are activated or over-expressed in many diseases, thereby resulting in enhanced concentration of crosslinked proteins, although the protective functions of these proteins still have not been resolved (Cooper et al. 2000) . The cross-linked products, often of high molecular mass, are highly resistant to mechanical strain and proteolytic degradation, and their accumulation is found in a number of tissues and processes where such properties are important, including skin, hair, blood clotting and wound healing (Esposito & Caputo 2005) .
Previously, the presence of TGase-like activity was demonstrated in cell walls of the yeast Candida albicans by incorporation [
14 C]putrescine in a time-dependent fashion. Cystamine, the specific active site-directed TGase inhibitor (Barsigian et al. 1988 ) inhibited the incorporation of [
14 C]putrescine and also of covalently bound proteins into the cell walls in C. albicans (RuizHererra et al. 1995) . In S. cerevisiae, the TGase activity was proved by incorporation of [ 14 C]lysine into an endogenous cell wall protein acceptor and into N,N'-dimethylcasein, suitable artificial substrate for TGases, whereby the activity was inhibited by cystamine and EDTA. Cystamine also inhibited growth of several strains of S. cerevisiae. Cells treated with cystamine exhibited increased sensitivity to Zymolyase indicating gross alternations in the cell wall (Iranzo at al. 2002) .
In this paper we present supporting evidence about the participation of TGase-like activity in biogenesis of Saccharomyces cerevisiae cell wall by demonstrating the incorporation of 
of [
3 H]putrescine into TCA-precipitable material in regenerating protoplasts and secreted glycoproteins.
Material and methods

Strains and culture conditions
The strain used in this study was Saccharomyces cerevisiae SEY 6210 (ATCC 96099). The yeast was grown in YPD medium (1% yeast extract, 2% peptone, 2% glucose) to late exponential phase.
Preparation of cell walls, TGase assay Cells were desintegrated by vigorous mixing with glass beads in the Novotny (1964) cell homogenizer or alternatively on Vortex mixer for 1 min periods, with intermittent cooling periods of 1 min, in 50 mM Tris/HCl, pH 7.2, containing 1 mM PMSF, in an ice bath until >96% of the cells were disrupted. In each case, breakage was assessed by phase-contrast microscopy. The extracts were centrifuged at 1,500 x g for 5 min to pellet the cell walls, which were washed four times with 50 mM Tris/HCl, pH 7.2, containing 1 mM PMSF and 0.02% sodium azide.
TGase assay mixture contained 0.13 µCi [ 3 H]putrescine (specific radioactivity 80 Ci/mmol, Amersham) per 200 µL aliquot, 2 mM CaCl2, 1 mg/mL N,N'-dimethylcasein and cell walls in 50 mM Tris/HCl, pH 7.2. The mixture was incubated at 30
• C with gentle shaking and aliquot volumes of 200 µL were taken and the reaction was stopped by adding an equal volume of 10% TCA. After at least 2 h on ice bath, the samples were heated at 70
• C for 1 h. The samples were then centrifuged and the sediments were washed twice with 5% TCA. They were then filtered through Whatman GF/A filters and washed twice on the filter with ethanol. The filters were dried and taken into 3 mL toluene-based scintillation fluid and their radioactivity was measured in a liquid scintillation counter.
Formation and regeneration of protoplasts, TGase assay Cells grown in YPD medium to late exponential phase were harvested by centrifugation and washed once with water. They were then suspended in 1 M sorbitol containing 0.5 mg/mL Zymolyase 100T (Seikagaku) and incubated with gentle shaking at 30
• C for 60 min to obtain protoplasts. The protoplasts were centrifuged at low speed (700 × g, 10 min) and carefully washed four times with 1 M sorbitol. TGase assay mixture contained 1 × 10 7 -7 × 10 7 per mL protoplasts in the regeneration medium containing 0.67 g yeast nitrogen base with amino acids, 0.2 g asparagine, 0.5 g KH2PO4, 2 mg adenin, 2 mg uracil and 20 g glucose per 100 mL of 1 M sorbitol. [
3 H]putrescine (0.79 µCi) were added per 3 mL assay mixture with or without 1 mg/mL N,N'-dimethylcasein and incubated at 30
• C with occasionally shaking. Aliquots (0.5 mL) were taken at time intervals and added to an equal volume of 10% TCA. After at least 2 h in an ice bath, the samples were heated at 70
• C for 1 h and centrifuged. The pellets were washed twice with 5% TCA. Then the samples were transferred on Whatman GF/A filters and washed twice with ethanol. The filters were dried and taken into 3 mL toluene-based scintillation fluid and their radioactivity was measured in a liquid scintillation counter.
Binding of [
14 C]-labeled glycoproteins to regenerating protoplasts Preparation of radioactively labeled [
14 C]glycoproteins. The protoplasts were prepared as described above. They were incubated in the regeneration medium with 0.5 µCi/mL [ 14 C]leucine (specific activity 322 mCi/mmol, Amersham) for 6 h at 30
• C. Concentrations of protoplasts were between 1-5 × 10 7 per mL. The suspension was centrifuged at 700×g for 5 min and the supernatants containing labeled glycoproteins were desalted and concentrated to a small volume in Amicon ultrafiltration apparatus using membrane with MWCO 10 kDa in the cold room for 24 h. The efficiency of free [
14 C]leucine removal from the concentrate was checked by paper chromatography.
Regeneration of protoplasts with [ 14 C]glycoproteins. Protoplasts were incubated in the regeneration medium supplemented with approximately 90,000 DPM radiolabeled glycoproteins per mL. At time intervals, aliquots were taken and centrifuged at 700 × g for 5 min, the sediments (protoplasts) were washed twice with 1 M sorbitol and precipitated in 10% TCA. The precipitates were washed twice with 5% TCA and once with ethanol. They were then collected on Whatman GF/A filters and washed twice with ethanol. The filters were dried and taken into 3 mL of toluene-based scintillation fluid and their radioactivity was measured in a liquid scintillation counter.
Results and discussion
Incorporation of [
14 C]putrescine into the isolated cell walls of yeast and mycelial form Candida albicans was previously demonstrated by Ruiz-Herrera et al. (1995) . They used cystamine, a highly specific inhibitor of TGase (Lorand & Konrad 1984) , to ascertain a possible role of TGase in the organization of cell wall structure in the fungus. Cystamine delayed protoplast regeneration and inhibited the yeast-to-mycelium transition and the incorporation of proteins into the cell wall. The incorporation of covalently bound high-molecular-weight proteins into the cell wall was also sensitive to cystamine (Ruiz-Herrera et al. 1995) .
In S. cerevisiae, the incorporation of [ 14 C]lysine into exogenous acceptor N,N'-dimethylcasein was also demonstrated and the highest levels of TGase activity were determined in the fraction of cell walls (Iranzo et al. 2002) .
To verify the presence of TGase-like activity in yeast cell walls, we measured incorporation of [ 3 H]putrescine into isolated cell walls of S. cerevisiae with or without addition of exogenous TGase substrate N,N'-dimethylcasein (Fig. 1) . As a control, boiled cell walls were used. Addition of N,N'-dimethylcasein in the amount of 1 mg/mL to reaction mixture increased the incorporation of radiolabeled putrescine by about 44% compared with sample without the N,N'-dimethylcasein.
In the next series of experiments, we measured the incorporation of [
3 H]putrescine into N,N'-dimethylcasein in the presence of regenerating protoplasts and the protoplast pellet. Subsequently, we measured the radioactivity of TCA-precipitable material in complete protoplast regeneration system. The [ 3 H]putrescine was incorporated in a time-dependent fashion and the incorporation was inhibited with 50 mM cystamine or 2 mM EDTA (Fig. 2) . Cystamine, being a highly specific inhibitor of mamalian TGases, is usually used in TGase assays as a control (Ientile et al. 2003) . Decreased incorporation of radiolabeled putrescine in the presence of EDTA indicates a divalent cation-dependent reaction. From divalent cations tested, the best stimulation was observed with Ca 2+ (not shown). In another set of experiments we measured the effect of cystamine on binding of radiolabeled yeast glycoproteins to regenerating protoplasts. Radioactively labeled [
14 C]glycoproteins were prepared by regeneration of protoplasts with [
14 C]leucine after 6 hours regeneration. In the presence of 50 mM cystamine, we observed decreased incorporation of [
14 C]glycoproteins into the protoplasts by about 14% in comparison with control without inhibitor (Fig. 3) . Relatively low degree of inhibition by cystamine may indicate simultaneous participation of reactions other than TGase-like that may be involved in binding of [
14 C]glycoproteins to regenerating protoplasts. In other words TGase activity could play only minor role in the formation of covalent linkages between different types of cell wall glycoproteins and probably only a small portion of cell wall glycoproteins are suitable for TGase type of reaction. Our future work will be focused on the identification of natural substrates of TGase in the cell walls of S. cerevisiae. Good candidates seem to be the cell wall proteins of the PIR family (Mrša et al. 1997 ) containing numerous glutamine residues in their repeating sequences having suitable free NH 2 groups for TGase type of reaction (Ecker et al. 2006) . Preliminary results about the possible donor/acceptor substrates in S. cerevisiae have already been published (Iranzo et al. 2002) .
The question of presence of TGase-coding genes in the yeast (S. cerevisiae) genome has not been resolved yet. Using computer analysis, proteins with homology to eukaryotic TGases were detected for the first time in S. cerevisiae and Schizosaccharomyces pombe (Makarova et al. 1999) . Until now there are no reports in literature about TGases that have been identified and purified in yeast.
We attempted to use the computational method using Vector NTI program (Invitrogen) for identification of conserved protein sequences among known TGases with proved enzyme activities (EC 2.3.2.13). Comparing the selected conserved catalytic sequence "VKYGQCWVFA" with the genome of S. cerevisiae (http://www.yeastgenome.org) by means of the alignment program BLAST, we didn't reveal any putative proteins having satisfactory homology (data not shown).
Taken together, our experimental results justify the assumption about the participation of TGase-like activity in the cell wall biogenesis of yeast S. cerevisiae (Ruiz-Herrera et al. 1995; Iranzo et al. 2002) . The arguments in favor of this hypothesis are as follows: (i) [ 3 H]putrescine incorporation into the isolated cell walls that was increased by adding the artificial TGase substrate N,N'-dimethylcasein; (ii) [
3 H]putrescine incorporation into TCA-precipitable material in the presence of N,N'-dimethylcasein and regenerating protoplasts, that was inhibited with cystamine or EDTA; and (iii) binding of secreted [
14 C]glycoproteins to regenerating protoplasts, partly inhibited with cystamine.
